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A magnetized, spherical plasma expansion in an inhomogeneous plasma:
The transition from super to sub-Alfvénic.

Stephen H. Brecht', Dennis W. Hewett and David J. Larson
LLNL, Livermore CA

Abstract: In this letter the transition of a strong 3-D collisionless shock into sub-Alfvénic waves is
examined numerically. The transition occurs because the Alfvén speed eventually exceeds the shock
speed, not because the shock runs out of energy. At this velocity transition, the shock disassembles into
two types of waves: the usual compressional Alfvén wave and a left-hand polarized electromagnetic
shear Alfvén wave. This later wave shows remarkable 3-D coherence, and preliminary analysis suggests
that it is coupled to the strong electromagnetic waves that exist within the collisionless shock.

Introduction:

The collisionless expansion of energetic plasma into a
magnetized background plasma is a situation common
to many areas of plasma research, e.g. supernova
expansions, solar flares, and plasma blow-off in pulsed
power experiments. These dynamic configurations are
often categorized by the ratio of the expansion speed to
the local Alfvén speed, the Alfvén Mach number. Over
a period of many years the physics of such expansions
has been studied experimentally [1]-[91,
observationally, and now computationally. Transitions
between the super- and sub-Alfvenic environments have
not been previously examined in part due to the  Figure 1. Schematic of the simulation
difficulty of observing the configuration experimentally =~ geometry. The red arrows represent the
and the multiple time scales involved in the necessary  spherically expanding driver plasma.
simulations. Yet, high energy releases in the ionosphere ~ 1he blue line is the ambient magnetic
[1], in experiments [2], and in the natural world (i.e. field line thmugh the initiation point of
solar flares and CME[24]) undergo such transitions. the expansion.

Local Alfvén
velocity
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Simulations of a collisionless shock, generated by a spherical, super-Alfvénic plasma injection
into an inhomogeneous magnetized background plasma, gives rise to an unexpected rotational
wave structure. This mode occurs when the shock enters a region in which the Alfvén velocity
exceeds the shock speed. This constitutes the first numerical observation of this transition in a
fully 3-D, inhomogeneous geometry.

A 3-D hybrid particle code is used to examine the transition of collisionless shocks to sub-
Alfvénic waves. Using a simple super-Alfvénic, vshock > Va, Spherical expansion into an ionized,
exponential-decreasing background, Fig. 1, one finds that a complex set of modes are generated
in the sub-Alfvénic region. There is a portion of the shock front that transitions into a simple
compressional Alfvén mode, perpendicular to the ambient magnetic field, and shear Alfvén
waves directly along the ambient field line. The unexpected feature is that a portion of the shock
front transitions into a left-hand polarized electromagnetic plasma mode. The mode is launched at
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an angle between the density gradient and the ambient magnetic field with a tendency to become
field aligned. This letter briefly describes the simulation model and some of the characteristics of
this new mode.

Discussion

The simulation model is a 3-D hybrid, Particle-In-
Cell (PIC) code that assumes charge neutrality and
models the electrons as an inertialess fluid. The ions
are treated as kinetic macro-particles and advanced
according to the Lorentz force law, thus including
finite-gyro-radius effects. The fields are solved self-
consistently on a spatial grid. The electric fields, E,
are determined from the electron momentum equation
in the inertia-less, quasi-neutral
limit, £ =Vp/en+u.xB/c. Faraday’s law is used to

advance the magnetic field, B. Light waves have been
removed from the simulation by setting the
displacement current to zero, cf: [10-12]. Details of
this model and its numerical implementation are  Figure 2. Surface plots of 6B /‘Bo‘ reveal a
available in references [10,13]. helical mode emerging from a magnetic

bubble. The first arrow is in the direction of
The energetic particles are injected spherically at  the ambient B field and the horizontal arrow
Vsnock, and the Alfvén Mach number is 8. The Iisintheopposite difeCti({ﬂ to the.
background plasma has an exponential density Packground plasma density gradient.
gradient, such that the Alfvén speed exceeds the initial expansion speed roughly 120 cells above
the initiation point. The background magnetic field is a constant at t = 0 and is tipped 30 degrees.
The cell size is roughly 4 c/w,; at the initiation point and less than c/w,; at the altitude of shock
transition. The simulations used roughly 300 million particles and over 50 million zones with
outflow boundary conditions on all grid boundaries.

Results

The time evolution of the simulation reveals the unexpected development of a large coherent
helical wave that grows from the expanding magnetic “bubble”, Fig. 2. The helical mode is
initially launched in a direction between the background density gradient and the direction of the
ambient magnetic field (the two red lines in Fig. 2). The mode is left-hand polarized and the
magnitude of the perturbed B is roughly one tenth of the ambient B. Fig. 2 shows contours
slightly above and below the normalized ambient field strength. The mode is observed for a wide
variety of injected plasma conditions (variations in charge state, various mixes of driver species,
ion gyro-radii, etc). Numerical tests clearly show that the mode is not sensitive to the electron
pressure term or to electron temperature gradients. Changing the scale height of the atmosphere
does not affect the generation of this wave, nor does the charge state of the expanding plasma or
even the number of ion species in the expanding plasma.

The development of this feature seems to be tied to the super-Alfvénic shock created in the
background plasma by the injected plasma: sub-Alfvénic initial conditions do not produce this
mode. The helical mode emerges as the collisionless shock encounters the region where the local
Alfvén velocity becomes greater than vspock.

Collecting information at several spatial regions permits preliminary analysis of the modes,
Fig. 3. A islocated in the helical mode region; B is located deeper in the interior along the path



of the helical mode; C is in a region of nonlinear perpendicular propagating modes, see Table 1.
For each region, time-dependent data was collected and analyzed using a power-spectral-density
analysis.

Table 1
Parameters | /@ | ck|/®pi | Vphase/Va | 8Bn/ B | 6B/ |Bo| | B/ [By
Region A | ~24 |~1.4 ~1.45 ~0.3 ~0.33 ~0.1
Region B | ~1.06 | ~2.4 ~0.96 ~0.66 ~2 ~2
RegionC | ~1.94 | ~0 ~1.22 ~0.0 ~2 ~2

The normalization parameters used are the ones
local to each individual collection region. The
magnetic field was initialized with a constant value,
By, in all regions. All other parameters do change
because the background density is decreasing with
altitude, Fig 1. It should be noted that if the c/w,; at
B is used to normalize the parallel wave number at
A, then ck|/m,; ~ 2.6 at A, which means the actual
wave number is essentially the same in both regions.

Theoretical Considerations:

Collisionless shocks have been studied in nature
(planetary bow shocks, interplanetary shocks cf.
[14]). and via simulation (cf. [15], and references Figure 3. A cross-section of Fig. 2 showing
therein). These sho?ks are very tu.rbulent and are  the data collection points to be discussed.
crgated by reflecting ions which create an Ty, legend is 5B /‘ Bo“

anisotropic pressure tensor (P¢>P||). Subsequently,

electromagnetic instabilities anisotropize the ion pressure, consistent with both simulations [15]
and theory [16]. The non-linear evolution of this ion pressure or temperature anisotropy driven
mode, the Alfvén lon Cyclotron or ion whistler mode, has also been studied [17]. This mode is a
left-hand-polarized electromagnetic mode that propagates parallel to magnetic field lines.

As the shock and bubble expand outward, the Alfvén speed begins to increase to the right, Fig. 2,
and this portion of the shock begins to disassemble when it exceeds the local Alfvén speed.
Examination of Figs. 2 and 3 clearly show asymmetry in the modes propagating away from the
shock region. The mode propagating through region C, Fig. 3, is a purely compressional mode
with no change in the field component normal to the ambient field (6Bx / [Bo| ~ 0), Table 1. In
the case of the new wave, region A, the mode displays (8Bn / [Bo| ~ 6B/ [By| ). In region A, the
electric field and 6B form a set of perpendicular rotating vectors.

Linear theory offers insight into the simulation results. From [16] one notes that @y ~®¢ (1 -
Ti"/TiL)2 and ko® ~ (copi2 /AN Tie - Ti||)2/( Tij Tir ). Examining Fig. 3 of [16], reveals that
ck|/wpi ~ 2.4 corresponds to |w| / ¢ ~ 1. This is consistent with the results at B, where |o| / 0 ~
1.06. The results at A are not represented by the dispersion relation in [16]. The phase speed at
A is substantially higher than the local Alfvén speed. In a monograph on Alfvén waves, [18 p.
47], it is noted that an Alfvén surface wave in a non-uniform plasma changes its dispersion
relation from ® = k| vato o = )" k| va. At A one finds that the measured phase speed of the
waves is 1.45 times the local ambient Alfvén speed. Hasagawa[18] also notes this mode will be
damped at high beta.



Examining Fig. 4 one sees that the field lines within the shocked region are connected to those in
the direction of the wave propagation. This suggests the possibility of mode conversion between
the parallel propagating AIC modes and the parallel propagating shear Alfvén modes especially
since the dimensionless wavelengths seen at A and B are very similar, when normalized by the
same c/op;. Indeed [18] shows that the Alfvén mode does couple to the firehose instability which
is the fluid version of the AIC/EMIC mode [16].

However, direct mode conversion is not the only
possible source of this wave. Kinetic Alfvén waves
can be generated in an inhomogeneous plasma with
conditions that exist in the shock transition region,
Lysak [23]. Although the frequency seen in the
simulations is higher than in Lysak’s analysis, the
simulations may be showing the full 3-D structure
of the kinetic Alfvén wave.

It should be noted that the ion gyroradius within the 50
helical mode is much smaller than the size of the
features. Further, in the region where the helical

mode exists, there are no ions from the driver, nor 0
are there any indications of beaming in the ion
distribution functions.
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Figure 4. Magnetic field lines connect the

internal region where the AIC mode is active

SUMMARY} . . . ‘ to the external region where the helical
The three dimensional simulation of a spherical  mode will propagate. The legend

super-Alfvénic expansion transitioning into a sub- |B|/|B,|.

Alfvénic flow has produced a surprising result. The

most remarkable aspect of these results is that the mode created is very large scale and is
extremely coherent. This effect appears to be purely a three dimensional result generated in
spherical-like geometries; it is not seen in 2-D.

The highly coherent helical mode could be further investigated experimentally. Empirical
evidence for this mode may have already been seen in rotational discontinuities in the solar wind,
[19]. It is also likely that such behavior could be detected in laser target experiments [2, 20-22].
What is clear is that some mechanism is radiating energy from the short wave turbulent region to
the large scale helical structure outside of the magnetic bubble, much like an antenna radiating a
coherent wave.
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